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Datum
Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).
Water-Quality Units
Concentrations are reported in metric units. Chemical concentrations are reported in milligrams per liter (mg/L). Milligrams per liter is a unit expressing the concentration of chemical constituents in solution as weight of solute (milligrams) per unit volume (liter) of water. For concentrations less than 7,000 mg/L, the numerical value of milligrams per liter is equivalent to the concentration in parts per million.
Specific conductance is reported in microsiemens per centimeter at 25 degrees Celsius (μS/cm).
Abstract
The U.S. Geological Survey, in cooperation with the City of Dallas Water Utilities Division, did a study to characterize bromide, chloride, and sulfate concentrations and loads at three U.S. Geological Survey streamflow-gaging stations on the reach of the Red River from Denison Dam, which impounds Lake Texoma, to the U.S. Highway 259 bridge near DeKalb, Texas. Bromide, chloride, and sulfate concentrations and loads were computed for streamflow-gaging stations on the study reach of the Red River. Continuous streamflow and specific conductance data and discrete samples for bromide, chloride, sulfate, and specific conductance were collected at three main-stem streamflow-gaging stations on the Red River: 07331600 Red River at Denison Dam near Denison, Texas (Denison Dam gage), 07335500 Red River at Arthur City, Texas (Arthur City gage), and 07336820 Red River near DeKalb, Texas (DeKalb gage). At each of these streamflowgaging stations, discrete water-quality data were collected during January secondary maximum contaminant level. Kruskal-Wallis analyses indicated statistically significant differences among bromide, chloride, and sulfate concentrations at the three gages.
Regression equations to estimate bromide, chloride, and sulfate loads were developed for each of the three gages. The largest loads were estimated for a period of relatively large streamflow, June-September 2007, when about 50 percent of the load for the study period occurred at each gage. Adjusted
Introduction
Regional planning groups in Texas have proposed increasing the transfer of water from the Red River to meet municipal water-supply needs for the rapidly growing Dallas metropolitan area and other cities in north Texas. These supplies could be withdrawn from points in a reach of the Red River from Lake Texoma, impounded by Denison Dam, to several miles downstream at a point on the Red River north of DeKalb, Tex., at the U.S. Highway 259 bridge crossing ( fig. 1 ). Municipal water suppliers, such as the City of Dallas Water Utilities Division, are increasingly concerned about the possibility of bromate concentrations in finished water supplies because of bromide in the raw water. When the raw water contains bromide, bromate (a known carcinogen) can form during disinfection processes that oxidize the water to kill pathogens (Singer, 2006; Agus and others, 2009) Concentrations of bromide and other salinity-related constituents and physical properties in Lake Texoma were characterized by the U.S. Geological Survey (USGS) in a previous report (Baldys, 2009) . Median bromide concentrations ranged from 0.28 mg/L in the Washita arm of Lake Texoma to 0.60 mg/L in the Red River arm of the lake. Median concentrations of chloride ranged from 122 mg/L in the Washita arm of Lake Texoma to 431 mg/L in the Red River arm of the lake. Because elevated concentrations of salinity-related constituents, including chloride and sulfate, have been measured in Lake Texoma (Atkinson and others, 1999; Baldys, 2009) , there is a concern that chloride and sulfate concentrations in the reach of the Red River downstream from Lake Texoma to DeKalb, Tex., might at times exceed applicable secondary maximum contaminant levels (SMCLs) of the "Texas Surface Water Quality Standards" for drinking water (Texas Commission on Environmental Quality, 2003).
As a companion to the study summarized in Baldys (2009) , the USGS, in cooperation with the City of Dallas Water Utilities Division, did a study to characterize bromide, chloride, and sulfate concentrations and loads at three USGS streamflow-gaging stations on the reach of the Red River from Denison Dam, which impounds Lake Texoma, to the U.S. Highway 259 bridge near DeKalb, Tex. Discrete waterquality data collected during January 2007-February 2009 and con tinuous water-quality data collected during March 2007-February 2009 were evaluated at USGS streamflowgaging stations 07331600 Red River at Denison Dam near Denison, Tex.; 07335500 Red River at Arthur City, Tex.; and 07336820 Red River near DeKalb, Tex. Little information is available regarding bromide, chloride, and sulfate concentrations and loads in that reach of the Red River. Specific conductance measured in 25 discrete water-quality samples and measured continuously at the three gages were used in load calculations. In addition to water released from Lake Texoma through Denison Dam, tributaries contribute a large part of the flow in the reach of the Red River from Denison Dam to near DeKalb. Because of tributary inflows, the water quality of the Red River in this reach might differ from the water quality of Lake Texoma. In addition to Lake Texoma, there are numerous reservoirs in the contributing area for the reach. Bromide, chloride, and sulfate concentrations and loads also could vary in the reach because of reservoir releases and changes in hydrologic conditions. and physical properties (specific conductance, pH, temperature, dissolved oxygen, and alkalinity). Bromide, the primary constituent of concern, and chloride, sulfate, and specific conductance, of secondary concern, are evaluated in light of the amount of streamflow associated with each sample. This report also documents the techniques used to collect and analyze the discrete water-quality samples collected every 2 to 6 weeks during January 2007-February 2009 at the three gages.
Purpose and Scope
The spatial and temporal variability of bromide, chloride, sulfate, and specific conductance is described using summary statistics and boxplots. A Kruskal-Wallis test was used to determine if there were statistically significant differences among the bromide, chloride, and sulfate concentrations measured at each gage. Results for chloride and sulfate are compared with applicable SMCLs. Estimates of bromide, chloride, and sulfate loads were developed for March 2007-February 2009 using continuously measured streamflow and waterquality properties (specific conductance, water temperature) as well as discrete water-quality samples analyzed for bromide, chloride, sulfate, and specific conductance.
Description of Study Area
The study area is the reach of the Red River from Denison Dam, which impounds Lake Texoma on the TexasOklahoma border, to the U.S. Highway 259 bridge on the Red River near DeKalb (hereinafter the Denison Dam-DeKalb reach) and the contributing area to this reach ( fig. 1) Survey, 2009 ). During wet periods, releases from Lake Texoma can vary greatly depending on reservoir management needs; the U.S. Army Corps of Engineers releases water from Lake Texoma to generate power and manage inflows. The hydrology and climatology of the drainage basin upstream from Lake Texoma, which has a major effect on the quantity and quality of flows released through Denison Dam, are described in Baldys (2009 fig. 1 ). Although the water quality of Muddy Boggy Creek has not been assessed for public watersupply use by the State of Oklahoma or U.S. Environmental Protection Agency (2006b), historically the chemical quality of the surface water of Muddy Boggy Creek Basin was deemed sufficient for domestic, irrigation, and most industrial purposes; concentrations of dissolved solids were 100 to 500 mg/L (Westfall and Cummings, 1963) . The U.S. Environmental Protection Agency (2006b) also has not assessed the water quality of McGee Creek for municipal water-supply uses; historically the surface waters of McGee Creek contained concentrations of dissolved solids less than 100 mg/L (Westfall and Cummings, 1963 Hugo Lake, located on the Kiamichi River, was constructed in 1974 and has a drainage area of 1,709 mi 2 (U.S. Geological Survey, 2009) . Sardis Lake, located on a tributary to the Kiamichi River upstream from Hugo Lake, was constructed in 1982 and has a drainage area of 275 mi 2 . The Kiamichi River confluences with the Red River downstream from the Arthur City gage and upstream from the DeKalb gage ( fig. 1 ). According to Laine and Cummings (1963) 
Data-Collection and Regression Methods
During March 1, 2007 -February 28, 2009 , the USGS continuously monitored selected water-quality properties, including specific conductance, at the three streamflow-gaging stations on the main stem of the Red River, the Denison Dam, Arthur City, and DeKalb gages ( fig. 1 ). During January 31, 2007 -February 19, 2009 , discrete water-quality samples also were collected every 2 to 6 weeks at these gages and analyzed for selected dissolved constituents, including bromide, chloride, and sulfate concentrations, and for specific conductance. The Denison Dam gage is 1,800 feet (ft) downstream from the Denison Dam powerhouse. The Arthur City gage is located on U.S. Highway 271 bridge in Arthur City and the DeKalb gage is located on U.S. Highway 259 bridge, 13 miles (mi) north of DeKalb. Continuous water-quality data included hourly measurements of water temperature and specific conductance. All data from the discrete environmental samples, including results for quality-control samples, were published in the USGS National Water Information System (NWIS) (U.S. Geological Survey, 2009 ). Samples were collected at the Denison Dam gage by wading when possible, or from the cableway or at the U.S. Highway 69/75 bridge 1 mi downstream from the gage when the flow was too deep to wade. Samples were collected at the Arthur City and DeKalb gages from the U.S. Highway 271 and 259 bridges, respectively. All samples at the DeKalb gage were collected from the U.S. Highway 259 bridge. Bromide, chloride, and sulfate concentrations and specific conductance measured in discrete environmental samples and quality-control samples are listed in appendix 1. Instantaneous streamflow measured at the time water-quality samples were collected is also listed in appendix 1. All dissolved constituent and physical property data are stored in NWIS (U.S. Geological Survey, 2009).
Streamflow
"Streamflow" is the discharge that occurs in a natural channel (U.S. Geological Survey, 2008) . Methods used to measure streamflow (discharge) amounts are described in detail by Rantz and others (1982) and summarized by Olson and Norris (2005) . Streamflow measurements were made about every 2 months during the study at each streamflowgaging station. Stage, or gage height, is measured every 60 minutes at the three gaging stations using a pressure transducer or radar equipment. The gage height represents the elevation of the water surface referenced to an arbitrary elevation datum. The gage height data are transmitted through a satellite system to a downlink site and then to the USGS Oklahoma Water Science Center, Oklahoma City, Okla., where the gage height information is used to determine streamflow from an established stage-discharge relation called a rating curve (Rantz and others, 1982) . Rating curves are developed and updated for each station using gage height and discharge volume measurements made periodically at each gage. The gage height and streamflow information are stored in NWIS (U.S. Geological Survey, 2009) . 
Continuous Water Quality
Water temperature and specific conductance data were collected hourly at the three streamflow-gaging stations using multiprobe sondes encased in flow-through wells (Wagner and others, 2006) suspended in the stream. The flow-through well at the Denison Dam gage was mounted on the south bank, whereas the flow-through wells at the Arthur City and DeKalb gages were suspended in the main thalweg of the stream from the bridge on which each of these gages is installed. Field procedures, calibration of the continuous water-quality monitors, and record computation and review methods followed Wagner and others (2006) .
Sampling
Water-quality samples were collected at each gage following guidelines documented in the USGS "National Field Manual for the Collection of Water-Quality Data" (U.S. Geological Survey, variously dated). Samples were collected every 2 to 6 weeks using isokinetic depth-integrated sampling and non-isokinetic sampling methods (Lane and others, 2003) . Discrete samples were generally collected within a span of 24 hours at all three gages. Three types of samplers were used for the study-an isokinetic depth-integrator sampler (US D-95) for streamflow velocities exceeding 1.7 ft/s, a hand-held weighted-bottle sampler for streamflow velocities less than 1.7 ft/s and depths too deep to wade, and an open-mouth bottle for depths too shallow to use either the isokinetic or the hand-held weighted-bottle sampler. Teflon bottles were used with the three types of samplers. For the isokinetic sampling, aliquots (small volumes of water; for this study, about 1 liter) were collected from stream verticals selected by dividing the stream into equal segments known as equal-width increments (EWI). Non-isokinetic sampling with a weighted-bottle sampler also was used to collect sample aliquots from stream segments determined by EWI. Using the EWI selection process, the width of the stream typically was divided into a minimum of 10 equal increments. Field measurements were made in each increment, and a water sample was withdrawn from the increment and placed in a polyethylene churn for compositing with waters withdrawn from the other sections. Once water from all sections was placed in the churn, the water was mixed (composited) and aliquots were withdrawn for analysis by the USGS National Water Quality Laboratory (NWQL), Denver, Colo. The EWI method for isokinetic and non-isokinetic sampling methods allowed a representative sample to be collected at each of the three gaging stations and accounted for tributary inflows which were not 100-percent mixed with the upstream flow of the Red River. 
Sample Analysis
Water samples were sent to the NWQL for analyses to determine concentrations of common ions including dissolved bromide, chloride, and sulfate. The analytical method used for these constituents was ion chromatography (Fishman and Friedman, 1989; Fishman, 1993) . Preparation and pretreatment of the samples by the NWQL followed guidelines documented in Fishman and Friedman (1989) . Bromide, chloride, and sulfate analyses were done on filtered water samples that were not acidified.
Quality Assurance
Quality-assurance procedures outlined in Wagner and others (2006) were followed in the collecting and processing of continuous water-quality data for temperature and specific conductance. The temperature probe on each sonde was checked by comparing its temperature readings to those from a National Institute of Standards and Technology (NIST) certified thermometer. Specific conductance probes were calibrated with standards traceable to NIST electrolytic conductivity standard reference solutions. Data from cross-sectional surveys made at the time of sample collection indicated that the monitor sondes were placed at locations representative of flows in the stream cross section.
Quality-assurance procedures outlined in the "National Field Manual for the Collection of Water-Quality Data" (U.S. Geological Survey, variously dated) were followed for collecting and processing water-quality samples. Qualitycontrol samples were collected to evaluate potential bias and variability or contamination introduced during sample collection, processing, or laboratory analysis. Three samples of deionized (DI) water used to clean sampling equipment (DI samples) were submitted to the NWQL and analyzed for dissolved bromide and selected constituents. DI samples were submitted for associated environmental samples collected on December 4, 2007 , June 19, 2008 , and January 23, 2009 . Dissolved bromide concentrations measured in the three DI samples were less than the laboratory reporting level of 0.02 mg/L. Major ion data were evaluated to ensure the cation-anion balances were consistently within 5 percent. On May 8, 2007, a field-equipment blank was collected with the environmental sample at the Arthur City gage; bromide, chloride, and sulfate concentrations measured in the field-equipment blank were less than their applicable laboratory reporting levels (appendix 1). Bromide, chloride, and sulfate concentrations in field-replicate samples were similar to concentrations in environmental samples; percent differences of less than 5 percent were measured for fieldreplicate samples collected on 
Development of Regression Equations to Estimate Constituent Concentrations
Using hourly streamflow and specific conductance measurements and discrete water-quality data collected every 2 to 6 weeks and analyzed for bromide, chloride, and sulfate concentrations and for specific conductance, regression equations were derived to estimate daily mean bromide, chloride, and sulfate concentrations. The daily mean concentrations in turn were used to compute daily loads of bromide, chloride, and sulfate. Keller and others (1988) describes specific conductance as "a measure of the ability of a water to conduct an electrical current and thus it is related to the types and concentrations of major ions in solution . . . consequently, specific conductance can be used for approximating the concentrations of dissolved solids and major ions dissolved in water." Keller and others (1988) computed loads for chloride, sulfate, and dissolved solids for October 1970-April 1988 at selected streamflow-gaging stations in the Red River Basin upstream from Lake Texoma for the Red River Chloride Control Project, using the same multi-variable regression equations used in this study. The same methods also were used to compute loads for chloride, sulfate, and dissolved solids for many sites published in the USGS Texas Water Science Center annual water-data reports (U.S. Geological Survey, 1987 Survey, -2002 . The Texas Water Science Center developed a load computation program (F.L. Andrews, U.S. Geological Survey, written commun., 2000) to automate the computation procedure used for sites in Texas.
Daily mean values of streamflow and estimated instantaneous (hourly) constituent concentrations derived from the relation of instantaneous (hourly) specific conductance values to concentrations of bromide, chloride, and sulfate measured in discrete samples were used to compute monthly loads of bromide, chloride, and sulfate.
Whereas daily mean streamflow data were available from continuous streamflow records, periodic (rather than daily) constituent concentration data were available from the discrete samples collected every 2 to 6 weeks. Because bromide, chloride, and sulfate concentrations were highly correlated with specific conductance and continuous specific conductance data were generally available for the three streamflow-gaging stations, it was possible to develop regression equations that relate constituent concentrations to specific conductance to obtain estimates of daily mean constituent concentrations.
Using methods described in Keller and others (1988) , linear regression equations derived for each gage are of the form: In a linear regression analysis, the R-squared (R 2 ), adjusted R 2 , and standard error of regression are useful statistics for evaluating the goodness of fit, that is, how well the regression equation fits the data. The R 2 value is the coefficient of determination, and it is used to describe the proportion of the total sample variability in the response explained by the regression model. The adjusted R 2 statistic compensates for this by assessing a "penalty" for the number of explanatory variables in the model; adding additional explanatory variables increases the value of the adjusted R 2 only when the predictive capability of the model increases. The standard error of regression is an estimate of the predictive accuracy of the regression equation; choosing a model with the highest adjusted R 2 value is equivalent to choosing a model with the lowest mean standard error (Helsel and Hirsch, 2002; Iman and Conover, 1983) .
Bromide, Chloride, and Sulfate Concentrations and Specific Conductance
Discrete water-quality samples were collected every 2 to 6 weeks at the Denison Dam, Arthur City, and DeKalb gages and analyzed for bromide, chloride, and sulfate concentrations and for specific conductance. The results for the 25 discrete samples collected at each gage, including streamflow measured at the time the samples were collected, are listed in appendix 1.
Bromide
The distribution of bromide data collected at each gage is summarized by boxplots ( fig. 5) . Boxplots provide visual summaries of the center of the data (median), the variation or spread (interquartile range), the skewness (relative size of box halves), and presence or absence of extreme values (Helsel and Hirsch, 2002) . The median bromide concentration for the 25 samples collected at each gage in the Denison Dam-DeKalb reach decreased from upstream to downstream. Median bromide concentrations at the Denison Dam, Arthur City, and DeKalb gages were 0.32, 0.26, and 0.19 mg/L, respectively (table 1). Not only did the median bromide concentration measured at each gage decrease in the downstream direction, but the overall spread of bromide concentrations at each gage decreased as well ( fig. 5 ). The Kruskal-Wallis test is a nonparametric test that can be used to determine the general equivalence of groups of data (Helsel and Hirsch, 2002) . A Kruskal-Wallis test was used to determine if there were statistically significant differences among the bromide concentrations measured at the Denison Dam, Arthur City, and DeKalb gages. The null hypothesis of no statistically significant 
EXPLANATION
Number of data points Data value 1.5 to 3.0 times the interquartile range outside the box Largest data value within 1.5 times the interquartile range above the box 75th percentile) Median (50th percentile) 25th percentile) Smallest data value within 1.5 times the interquartile range below the box (25) Interquartile range difference among the bromide concentrations measured at the three gages was rejected; the difference among the bromide concentrations from each of the three gages was statistically significant (p <.01).
The maximum bromide concentration of 0.52 mg/L (table 1) was in the January 31, 2007, sample at the Denison Dam gage, the first sample collected for the study; instantaneous streamflow was 4,500 ft 
Chloride
The distribution of chloride data collected at each gage is summarized by boxplots ( fig. 6 ). The median chloride concentration for the 25 samples collected at each gage 
Sulfate
Similar to bromide and chloride concentrations, the median sulfate concentration at each gage decreased downstream, from 213 mg/L at the Denison Dam gage, to 155 mg/L at the Arthur City gage, to 117 mg/L at the DeKalb gage (table 1) and were less than the SMCL of 300 mg/L (Texas Commission on Environmental Quality, 2003). Not only did the median sulfate concentration measured at each gage decrease downstream, the spread of sulfate concentrations at each gage also decreased downstream ( fig. 7) . A Kruskal-Wallis test of sulfate concentrations indicated a statistically significant (p <.01) difference among the sulfate concentrations measured at each of the three gages. 
Interquartile range
The maximum sulfate concentration was 293 mg/L (table 1) including large floods and subsequent releases from the reservoirs, likely caused most of the variability in sulfate concentrations; sulfate concentrations did not appear to vary seasonally during the study period.
Specific Conductance
Median specific conductance in the Denison DamDeKalb reach decreased from upstream to downstream, from 1,250 microsiemens per centimeter at 25 degrees Celsius (µS/cm) at the Denison Dam gage, to 1,020 µS/cm at the Arthur City gage, to 814 µS/cm at the DeKalb gage (table 1). The spread of specific conductance values measured at each gage also decreased downstream ( fig. 8) . A Kruskal-Wallis test of specific conductance values indicated a statistically significant (p <.01) difference among the specific conductance values measured at each of the three gages.
The maximum specific conductance was 2,190 µS/cm (table 1) 
EXPLANATION
Number of data points Largest data value within 1.5 times the interquartile range above the box 75th percentile Median (50th percentile 25th percentile Smallest data value within 1.5 times the interquartile range below the box (25) Interquartile range specific conductance values were affected by reservoir releases. Some of the smallest specific con ductance values were measured during April-September 2007 when large reservoir releases occurred. Specific con ductance values did not appear to vary on a seasonal basis ( fig. 9 ).
Daily Mean Bromide, Chloride, and Sulfate Concentrations
Regression equations that relate constituent concentrations to specific conductance were used to obtain estimates of daily mean constituent concentrations. Data collected at the three gaging stations during March 2007-February 2009 were used in equation 1 to develop the regression equations (table 2) . The regression equations derived from discrete (every 2 to 6 weeks) and continuous (hourly) measurements of specific conductance and discrete measurements of constituents of concern (bromide, chloride, and sulfate) were used to estimate daily mean bromide, chloride, and sulfate concentrations. The daily mean bromide, chloride, and sulfate concentrations then were used with daily mean streamflow to compute estimated bromide, chloride, and sulfate loads for each of the three gages.
Bromide, chloride, or sulfate concentration relative to specific conductance and the adjusted R 2 value (Helsel and Hirsch, 2002, p. 313) for the best-fit regression equation for each constituent at each gage are shown in figures 10-18. Adjusted R 2 values were largest for regression equations for the DeKalb gage, ranging from .957 for sulfate to .976 for chloride (table 2). Adjusted R 2 values for all regression equations were .899 or larger, indicating that the equations explained 89.9 percent or more of the variance in the data for each constituent at each gage, one indicator of the goodnessof-fit of the best-fit regression equation. The F-test, used to determine whether all independent variables together significantly contribute to the prediction of the dependent variable, yielded statistically significant F-statistics for each constituent at each gage for the best-fit models (table 2) (Kleinbaum and Kupper, 1978) . A large adjusted R 2 or significant F-statistic does not guarantee that the data have been fitted well (Helsel and Hirsch, 2002) . Residual plots (Weisberg, 2005) used to graphically depict goodness-of-fit and additional diagnostics (not shown) were used to confirm the goodness-of-fit of the regression equations. Although all regression equations fit the data well, the adjusted R 2 and F-statistic (table 2) indicate that the equations for data collected at the DeKalb gage describe the data slightly better compared with the equations for data collected at the Denison Dam and Arthur City gages.
Much of the variability in the Denison Dam gage data for bromide, chloride, and sulfate resulted from samples collected during June-August 2007, which coincided with some of the largest discharge releases from Denison Dam during the study 
Bromide, Chloride, and Sulfate Loads
Daily mean bromide, chloride, and sulfate concentrations were used with streamflow in daily load computations. Dissolved bromide, chloride, and sulfate loads during March 1, 2007 -February 28, 2009 , were computed for the Denison Dam, Arthur City, and DeKalb gages in a two-step process. Using equation 2 (Keller and others, 1988) , daily loads for the constituents of interest were computed from daily mean streamflow, instantaneous concentration for constituent of interest as the estimated daily mean concentration (from equation 1), and a conversion factor: [ft
